The scan chain insertion problem is one of the mandatory logic insertion design tasks. The scanning of designs is a very efficient way of improving their testability. But it does impact size and performance, depending on the stitching ordering of the scan chain. In this paper, we propose a graph-based approach to a stitching algorithm for automatic and optimal scan chain insertion at the RTL. Our method is divided into two main steps. The first one builds graph models for inferring logical proximity information from the design, and then the second one uses classic approximation algorithms for the traveling salesman problem to determine the best scan-stitching ordering. We show how this algorithm allows the decrease of the cost of both scan analysis and implementation, by measuring total wirelength on placed and routed benchmark designs, both academic and industrial.
Introduction
The design flow of an integrated circuit (IC), meaning the software applications that allows the designer to move from its specification to its concrete realization, involves many stages of optimization problems, usually from system level to layout [1] [2] [3] . Indeed, the realization of an IC is a costly process both in time and money, and requires large engineering resources. In addition to technological advances, which continuously improve the efficiency of chip manufacturing techniques, as the fine prints on silicon for example, the continuous increase of the power of computers offers great opportunities for improving the process of designing and manufacturing complex ICs.
With both recent advances of the semiconductor industry and new market constraints, Time To Market (TTM) and product quality are becoming major issues. The circuit must meet flawlessly customer expectations in terms of functionality, speed, quality, reliability, and cost. In such a challenging economic environment, and given the significant level of complexity which is reached by the IC, manufacturing testing is more than ever an important factor in the design problem.
Today, chip testing should be short, efficient, and costeffective. A significant amount of research work is ongoing with a focus on complex design-for-test problems at both universities and industry. Design For Test (DFT) techniques are becoming a key since they are considered during the chip design process and flow. Cost of manufacturing chips averages the cost of testing them. So the semiconductors community needs low cost and high quality test solutions. New and efficient DFT solutions are greeted with higher expectations than ever. Most current DFT solutions result in unpredictable design development time and development costs and directly impact (TTM).
In this context, DFT tools are receiving growing attention with the advent of core based System On Chip (SOC) design. In particular, when cores from different vendors are integrated together on the system on chip (as it is often done nowadays), the difficulty level of testing grows rapidly. Among the most apparent issues are core access, system diagnosis, test reuse, test compaction, tester qualification and Intellectual Property (IP) protection. The ITRS (International Technical Roadmap for Semiconductor) identifies key technological challenges and needs facing the semiconductor 2 VLSI Design industry through the end of the next decade. Difficult nearterm and long-term testing and test equipment challenges were reported in [4] .
Several of the DFT solutions for ASIC and ASIP designs are based on the internal Scan DFT technique. Scan is potentially an efficient technique, if used properly. Currently, full Scan is the most widely used structured DFT approach where all the design sequential elements belong to the scan architecture or scan chains [5] . A Scan-based DFT architecture provides the ability to shift information by scanning the set of states of the circuit. All flip-flops are chained to each other to allow the introduction of test vectors as input and retrieval of test results as output. Thus, the resulting shift register is fully controllable and observable through the primary inputs and outputs of the circuit. This makes Scan testing widely adopted for manufacturing testing and other purposes such as silicon debug. However, we do care about hardware overhead (area, pin count, and so on), performance penalty, and extra design effort that may be associated with full scan insertion during the chip design process. Therefore, the primary objective in DFT is to automate the insertion of the test logic and to minimize the impact of test circuitry on chip performance and cost. Thus it is important and essential to optimize the scan chain insertion process.
However, traditional Scan solutions make such an extension very difficult since engineers need to handle gate-level netlist without taking benefit from what happens during synthesis optimization. Also, Scan implementation decisions are considered post synthesis. This is too late in comparison to RTL design decisions. Adopting Scan at the Register Transfer Level (RTL) will cover new design and manufacturing needs, strengthen verification, and consolidate reusable design methodologies by closing the gap between RTL and design for test. There are many advantages to inserting scan at the RTL level like: benefiting from the synthesis process (i.e., better optimization in terms of area and timing), the ability to debug testability issues early in the design flow, and leveraging the optimization done by the synthesis tool. The possibility to insert scan at the RTL dates back to the late nineties [6] [7] [8] . Although this idea did not get a widespread attention in the meantime, an EDA tool that lets one do it, namely HiDFT-SIGNOFF by DeFacTo Technologies, has appeared and is commercially available. Its main use today is to help debug testability issues early on in the design flow, thus helping avoid costly iterations around the synthesis step. To achieve this purpose, Scan chains are introduced at the RTL, bringing to light any problems in doing solike noncontrollable Flip-Flops (FFs), for example. Then the scanned design can be used in other estimates, but will be discarded as far as the main flow is concerned: the real scan chains that will end up being implemented in the chip are still inserted at gate-level, using a traditional design flow. Before one can insert the actual scan chains at the RTL, one big hurdle has to be overcome. The impact of scan insertion on the design cost and performance can be important if the ordering of the FFs in the scan chain is not picked carefully. But the information allowing for such a choice, namely placement information of the FFs, is only available at the back-end of the design flow, far away from the point where the RTL code for scan must be finalized. Our goal in this work is to develop a tool to automatically generate optimal scan chains at RTL in terms of area and additional test time for a given circuit, while respecting a number of electronics constraints.
To analyze the optimal design location where full scan chains need to be inserted, the following considerations are required. First, to implement a scan chain, one has to have knowledge of the Flip-Flops (FFs) of the design. Second, the best place to insert any new task in a flow is at the earliest. The motivations for an early scan insertion are threefold: the complexity of the objects grow as one goes forward in a flow, so data handling gets more costly; whatever is added to the design is better if integration happens earlier in the flow; and finally, should the treatment lead to iterations-either redesigning or iterations in the flow-the sooner the iterations, the lower the cost. Third, at the point where insertion is finalized, all the information required for the insertion has to be available. If this information depends at least partly on the insertion itself, this leads to iterations-see below. Fourth, insertion can start at some level in the flow, and end at a later point in same. Again, this can be undesirable, but also unavoidable once some design decisions on the insertion process have been taken. Since FFs are usually known after synthesis, once a gatel-level netlist is available, this sounds like a reasonable point in the flow to insert scan. But the replacement of normal FFs by scan FFs has to be done before synthesis ends, since timing closure is affected by it. We will see in the next section that FFs detection can happen before synthesis.
On the other hand, we will argue in Section 3 that the scan stitching ordering is an important part of making scan insertion seamless. To compute an optimized ordering, the best information to have is that of the placement of the FFs in the layout. If one uses placement information, scan insertion should be finalized during placement and routing (at the earliest). This is the classical scheme for scan insertion, and it is this one that is used in industrial EDA tools for scan insertion. This is why all scan insertion tools today either provide a costly ordering, or must decide the ordering in several phases. The next paragraph reviews the state of the art, while keeping an eye on these different criteria.
The traditional way to insert full scan in a design is to replace the FFs by scanned FFs during synthesis; possibly connect them into a chain; and then during place and route iterations, (re)connect them to try to minimize the total Manhattan length of the added connections. The exact place where one should reoptimize the ordering of the chain is a matter of debate, and heavily depends on the flow used. For an in-depth discussion of this topic in the case of the Synopsys flow, see [9] .
Also, scan implementation decisions are considered post synthesis. This is too late in comparison to RTL design decisions. Adopting scan at the RTL level will cover new design and manufacturing needs, strengthen verification and consolidate reusable design methodologies by closing the gap between RTL and design for test. There are many advantages to inserting scan at the RTL level like benefiting from the synthesis process (i.e., better optimization in terms of area and timing).
Most of the work done on scan chains insertion and stitching ordering optimization assumes that placement information is available [9] [10] [11] [12] [13] [14] , meaning that it is actually reordering optimization. In all the cases, scan (re)ordering is reduced to the problem of the Traveling Salesman Problem in a suitable graph. An additional assumption is added in [15] . The author proposes a procedure to find and break intersections. This is also done to reduce the overal wire length.
The knowledge of FFs is necessary to implement a scan chain. It has been suggested several times independently that one does not need a netlist to have knowledge of FFs of the design; this is the basis of higher-level scan insertion [6-8, 16, 17] . Although fault models are defined in terms of gates and nets, scan insertion itself can actually be done at the RTL. This is achieved by describing the behaviour of the scan chain directly at the RTL. It will then be translated by the synthesis tool into added nets between FFs, and multiplexers in front of FFs. No scanned FFs are used in this case; we give a more detailed account in the Section 3. It would seem that inserting scan at the RTL makes the problem of scan stitching reoptimization much worse. This may be one reason why in that case, the reoptimization possibility is commonly dropped, in favour of a single optimization at the time of insertion.
Most studies on higher-level scan either do not mention optimization [7] , or mention local optimizations only, meaning trying to reuse bits of functional paths for the scan path, thus reducing the need for added nets and additional multiplexing logic [6, [16] [17] [18] . In [8] an attempt is made to achieve both local and global optimizations by carefully delineating a graphic model for the scan ordering problem. This graphic model rests on an analysis of the RTL source code. Unfortunately, the algorithm they propose was never implemented [19] , and thus could be tested only on small designs.
In this paper, we try to close the gap between RTL Scan insertion and actual scan stitching optimization, while retaining the model of one-time insertion without any later reoptimization see Figure 1 .
More specifically, we tackle the following optimization problem: given an RTL description of the design (Verilog or VHDL) we have to find a stitching ordering of the memory elements in the scan chain, which minimizes the impact of test circuitry on chip features (area, power) while keeping testing time at its minimum.
The remaining of this paper is organized as follows. Section 2 presents how our approach to RT-level scan is novel. Section 3 describes the problem of scan chain insertion at the RTL. It explains how RTL scan is implemented and gives arguments as to why wirelength is an efficient global measure of the scan insertion cost. In Section 4, we propose our RTL scan stitching algorithm together with the graph models on which it is based. Implementation, experimental results on both academic and industrial designs are given in Section 5, followed by discussions that RTL scan is a viable alternative to gate-level scan. Finally, Section 6 concludes the paper and points out some research directions for future work.
Original Algorithmic Content of This Work
To the best of our knowledge, this work is the first to offer a formal treatment of the scan stitching ordering problem as a discrete optimization problem in the case of RT-level scan insertion. We formalize the problem; give reductions from the several-chains problem to the one-chain problem; and solve the one-chain problem in two steps. The first step, which can be seen as a kind of preprocessing, allows us to build a graph representative of the actual optimization. Then in a second step, algorithms for the TSP are adapted to actually build the chain.
A part of this work has been presented before in [20] and recenlty in [21, 22] . The present paper is aimed at giving a more complete presentation for both theoretical and experimental contributions. In fact, we give here all of the theoretical basis and algorithmic elements of this work including detailed implementation that has not been presented before. Also some numerical results and comparisons resulting are added.
The main contributions of the paper are summarized below:
(i) we analyze what is a suitable objective for measuring the quality of scan stitching orderings, (ii) we give a mathematical formulation of the problem of scan insertion at the register transfer level (RTL), (iii) we give two reduction procedures to solve the severalchains variants based on a routine solving the onechain case, (iv) we solve the one-chain case in a two-steps approach, (v) we evaluate our algorithm on both academic and industrial designs.
Our algorithm provides a basis for considering the implementation of scan chains as soon as the RTL of a block is available; the authors think that the lack of optimization has been a big obstacle to its adoption in design flows. The methodology has been validated by our industrial partner DeFacTo Technologies in the tool HiDFT-SIGNOFF, it is a first step towards considering the integration of scan at the RTL.
Scan Insertion at the RT-Level
We illustrate Scan insertion at RTL with the VHDL language. Scan insertion is a three steps process: first identify which signals and variables will give rise to flip-flops in the netlist; second, decide which ordering will be used to chain the FFs together; third, change the RTL code to offer a (new) testing mode for the design.
Since the object of this work is the second step of this whole process, we now restrict our attention to its first and third steps. This section is included mainly to make this article self-contained; for a more thorough presentation, the reader is referred to [6] [7] [8] .
We first present how flip-flops are identified; then we illustrate RTL edition for introducing scan at RTL; finally, we examine what could be a good measure of the impact of scan insertion on a design. Algorithm 2: VHDL process enriched with scan code.
Flip-Flops Identification.
FFs identification is realized process by process. Each process is searched for variables and signals. All signals in a process will be translated into a FF in the netlist. To determine which variables will give rise to FFs, one has to first identify clocking signals. Then two cases can happen. To determine which applies in a particular case, one has to recall that processes execute cyclically-see Figure 2 .
Either the variable is assigned between the clocking event in the process and the point where the variable is used (case 1). In that case, no FF is generated. Or the clocking event lies between the point where the variable is assigned and that where the variable is used (case 2). In that case, memorization has to occur, and a FF is generated.
Test-Mode Introduction by RTL Edition.
To illustrate the introduction of a scan chain at RTL through RTL code edition, we consider the simple process in Algorithm 1.
In order to introduce a testing mode behavior to the design, we simply describe in VHDL what the process is going to do in test mode. The additional VHDL code is shown in Algorithm 2 in boldface; it consists of a conditional statement on the value of the scan en signal, and assignments expressing the functional chaining of the registers of the process. Note that this (too simple) example is misleading in showing a doubling of the size of the RTL code; code growth for realistic designs is much less than that.
Wirelength as the Prime Parameter for Stitching Ordering.
In most of the literature about scan ordering optimization, wirelength is the objective used to guide the optimization process. In these works, placement of the FFs is known; so wirelength is a quantity that is directly available during VLSI Design 5 optimization. We will give our own argument for considering wirelength the most useful parameter to optimize stitching orderings.
When adding logic to a design for non-functional reasons, one tries to minimize the increase in size of the design. Additional area due to scan comes in two parts. First, FFs have to be instrumented either into scanned FFs, or with the help of a multiplexer at their input. In the former case, the area cost depends only on the number of FFs in the design; in the latter, the area cost can be less than the maximum if some optimization takes place during synthesis. In both cases, that cost is bounded independently from the stitching ordering. Second, wires have to be added between the output net of a FF and the next FF in the scan chain-either the scanned FF, or one input of the multiplexer in front of it. This does not represent an area cost in itself, since routing happens in the upper metallic layers. But it does add to the difficulty of placement and routing, with the possibility to have a very degraded situation if the stitching order is not chosen with care. In that case, the area can grow if routing is not possible anymore with the available space. We consider this a much more important factor than the additional cell area; therefore our measure of ordering quality will be based on it.
It is not possible to express the impact of added wires on placement and routing as a simple function of these wires; the impact will depend also on the sparsity of the design. But since we take a worst-case approach to the impact of wires, we will use the added wirelength due to scan insertion as our optimization function.
This choice will be validated by the variability that is observed on this parameter-see Section 5.
We now review quickly all the other parameters scan insertion could have an impact on.
In order to help ensuring timing closure, the maximum of the length of the added wires would be a reasonable measure. But since in our case synthesis happens after scan insertion, it will be up to the synthesis-and later on, placement and routing-tools, to ensure timing closure, using all the flexibility of gate sizing to achieve it. Note also that ensuring a low total added wirelength means that not too many added wires will be long, hence lowering the impact on timing, and the additional load for the synthesis tool.
Power while in functional mode grows with wirelength; so minimizing wirelength will also lower the impact on functional power. Power while in test mode is dominated by switching: the values shifted through the scan chain force the values in FFs to change more often than they would in functional mode, leading to power supply issues. A common remedy to this condition is to take benefit of don't-care values in test vectors to fill them in a way to minimize switching. This also works with RTL-scan. There have been many attempts in other works at minimizing power during test mode by changing the stitching ordering. We have not followed this trail; it would be worthwhile to try combining it with our approach based on minimizing wirelength.
Finally, observability and controllability are not impacted by the stitching ordering. We note here that although combinatorial parts of the circuit have the same observability and controllability in a full scan design implemented both at gate and at RT-level, in the case of RT-level scan, there will be more stuck-at faults, since the multiplexers are now no more combined with FFs. Hence fault coverage values tend to differ, although not much, between both methods for scan insertion.
Having established that wirelength should be minimized, we now turn to the precise description of the optimization problem we will consider in order to try to find low wirelength stitching orderings.
Stitching Algorithm for Optimal Scan Chain Insertion at the RT Level
To determine the scan chains that best meets the needs of different integrated circuit designers, while maintaining maximum constraints and restrictions related to the electronic problem, we propose a new scan stitiching algorithm for the automatic insertion of optimal scan chains at the RTL. Our algorithm is structured into two phases, as shown in Figure 3 . The first phase aims to build a graph-based model to translate the problem and its constraints from an RTL description to a generic mathematical model, in the form of an undirected graph. In a second phase, scan chains are determined through computations in that graph. The stages in each phase are outlined in the next paragraphs.
Phase 1: Graph Extraction.
The challenge here is to be able to take into consideration still at high level what is going to happen later on during the placement and routing (P&R) steps. To build this model, we extract from the RTL description information on the expected proximity of the memory elements in the layout. This phase is devised into three steps, as follows. ) . First, we perform a preprocessing called Elaboration. Although scan logic can be described at RTL, the very elements of which fault models are talking-nets, gates and FFs-do not exist yet at this level. Hence we need first to translate the RTL code into these elements. This is what synthesis does. But it is not feasible to have a full synthesis at this step in the flow. Once RTL-scan is inserted, the synthesis step still has to be done; we do not want to duplicate that effort. Our solution relies on a lightweight synthesis as the first step of the RTL scan insertion. This synthesis is done in terms of a virtual library of generic (non-physical) gates; it does not try to optimize logic, timing or gate sizes; it does not need the user to do any fine-tuning; in short, it is done transparently. The user of the scan insertion tool only provides his RTL code, and will get back a scanned RTL code: he will never see the netlist that comes out of the lightweight synthesis. Indeed, in our method, this netlist serves only one purpose, namely graph extraction. Note that the vertices are partitioned into two sets: nets on one hand, and gates and memory elements on the other; every edge in the graph has one end on each side. Therefore, G D is a bipartite graph.
Design Elaboration (Lightweight Synthesis
The graph G D is undirected because it only aims at giving indications on how close memory elements might be located at the placement step; the direction of information flow along the nets is of no consequence for the decision in our algorithm to stitch together two FFs.
Building the P-Graph for Memory Elements Proximity.
The third step is to extract information from the design that is necessary for scan chain stitching optimization (second phase). This information will be given in the form of an edgevaluated Proximity Graph (in short P-graph), to which we will now refer to as G P .
The P-graph G P will be built from the graph G D as follows: the vertices (V P ) are the memory elements of the design; there is an edge (E P ) between two vertices if there is direct electronic connection in the design between the memory elements they represent; this connection is not allowed to go through other FFs. Additionally, the edges are labeled by the length of a shortest non-oriented path between the corresponding vertices in the graph G D . The weight on edge i j will be denoted w i j . It represents the Path lengths between the pair of memrory elements that it matches.
Path lengths are restricted to a threshold value t which is a fixed parameter of our algorithm: for a longer (shortest) path between two memory elements, no edge is put in G P .
To compute G P , we use a variant of the algorithm of Breadth First Search (BFS) [23] that limits the depth of the exploration to find the limited shortest path. This algorithm is called Limited-BFS in the following. The graph computed with the help of Limited-BFS is used to estimate a probable geometric proximity of memory elements in the Layout. Figure 4 illustrate the construction of G D and G P on an example design.
Phase 2: Construction of Scan Chains.
Using this new formalism, the chaining of memory elements in the circuit corresponds to a partition of the vertices of G P (representing the FFs of the design) into sequences of vertices, each sequence representing one scan chain. An important constraint in scan chaining asks for all chains to have the same number of FFs. Also, the sequences should preferably use edges from the graph G P , although adding connections is a possibility. The cost of going from v i to v j in the sequence is counted as the length of a shortest path from v i to v j in the graph G P ; hence it will be w i j if the edge i j is present in G P .
In the case of a single scan chain, our problem reduces to the Traveling Salesman Problem [23] . Still, to apply TSP algorithms, the whole cost matrix for each pair of vertices of the graphs has to be precomputed; this is not feasible for designs with more than a couple tens of thousands FFs.
Also, single scan chains are not an option for big designs, where testing time would be prohibitive if scanning were not done using more than one chain.
Before explainning the second phase, we present two algorithmic devices to reduce the general chaining problem to the single-chain case. Then we show how our problem can be reduced to the Traveling Salesman Problem and some algorithms to solve it. Finally, we describe the two steps of the second phase.
Chain Splitting. The simplest way of reducing the severalchains scanning problem to its single-chain subcase is by appropriate post-processing. Once one has computed a single scan chain for the whole design, this chain can be split into the desired number of segments (the actual scan chains). This device is really fast, and it is not expected that the quality of the output of the whole process will be much degraged as compared to that of the single-chaining algorithm. Also, it is very easy to implement, and is our recommandation for the cases where fast enough single-chaining algorithms are available. Graph Partitioning. A more elaborate device is the preprocessing of the graph G P with the help of a graph partitioning algorithm. If s scan chains are called for, the graph G P should be partitioned into s parts having equal or similar numbers of vertices. Then finding scan chains for the whole design reduces to finding a single chain for each part of G P . Even if the partitioning is handled by an appropriate algorithmic package, implementing this solution is not as easy as chain splitting. But using it brings with it another benefit: the TSP problems to solve in this case are restricted to the length of the scan chains. For test application reasons, these are in actuality limited; although technically feasible, one seldom meets scan chains of 10000 FFs.
Hence this solution helps ease up the problem of computing the costs matrix for the input of the TSP, which is actually the longest step of our methodology.
Another benefit is that when using partitioning, the whole method scales with only a linear increase in running times if the maximum size of scan chains is kept constant.
TSP Algorithms. We now discuss how TSP algorithms can be applied for the single-chain stitching problem.
There are two distinct frameworks for applying TSP algorithms to our problem. The first one allows any algorithm to be used, but it puts constraints onto the size of input graphs that can be fed to it.
The second one is the particular case of an algorithm that can be used directly on G P , without having to compute costs for edges that are not present in G P .
Using a Generic TSP Algorithm. The input of a TSP routine is a symmetric matrix representing the costs for edges of a complete graph. In order to apply a TSP algorithm to solve the chaining problem, one needs first to compute the whole costs matrix (except diagonal elements). In our model, we attribute (as cost) to a pair i j that is not an edge of G P the length of a shortest path between i and j in G P . The postprocessing is very simple: just turn the hamiltonian cycle returned by the TSP routine into a hamiltonian path by removing any edge.
It is the preprocessing step that imposes a serious limitation on the possibility to use this scheme. Indeed, the G P graph obtained even with small values of the threshold parameter for the Limited-BFS step tends to be quite dense; hence any all-pairs shortest path algorithm puts limit to the input size either through space or time complexity, or both. In practice, it may be feasible to handle 5000 FFs or 10000 FFs blocks, but it is difficult to go much higher and keep a reasonable computation time for design scanning.
If only designs smaller than this are to be treated, then this method is definitely worth trying, all the more that one has then the ability to test and compare different TSP algorithms.
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Scan Chain Ordering Using the 2-Approximation for the TSP.
A famous textbook algorithm for the TSP, and also a typical example of an approximation algorithm with guaranteed quality, the 2-approximation for the TSP also has nice properties when used on the scan chaining problem.
An algorithm for a minimization problem is called an αapproximation when the solution returned by the algorithm is guaranteed to be no more than α times higher than the optimal solution. Usually, such algorithms presented in the literature are polynomial-time algorithms for NP-hard problems: since the requirement to find an optimal solution is dropped, polynomiality can be recovered.
It may seem unintuitive that one can prove a quality bound without even knowing the value of the optimal solution. Actually, such a proof can be derived through the use of a lower bound on the value of the optimal solutions, through showing that the solution given is less than α times this lower bound.
In the case of the TSP, two approximation algorithms are found in every textbook on the subject: one has an approximation factor of 2, (we call it "the 2-approximation for the TSP"), and the other is Christofides' algorithm, with an approximation factor of 1.5. Both use in their proof, as a lower bound on the optimal tour length, the value of a minimum spanning tree of the graph.
Please note that these approximation ratios are only proven theoretical bounds, and are not enough to compare the empirical behavior of these algorithms. Still, Christofides is bound to give solutions that are not more than 50% away from the optimal one; this would entice one to use this algorithm.
Alas, Christofides uses Weighted Perfect Matching in bipartite graphs as a subroutine, which has to impacts on its use. First, weights have to be precomputed, and we stumble against the same blocks as mentioned in the previous section. Second, Weighted Perfect Matching needs O(n 3 ) operations, seriously limitting the size of its input.
Without any regret, we turn now to the 2-approximation algorithm, which is seldom considered a useful practical choice because of its loose guaranty, and not-so-good performance on common benches.
The algorithm is in two steps. First, a minimum spanning tree is computed; then a root is chosen, and the tree is explored and vertices ouput with postfix ordering.
Only the first step actually looks at the input graph; and its only requirement is that the graph be connected. If G P is disconnected, we reconnect it by adding arbitrarily edges between connected components until it is connected.
Thus, using the 2-approximation, we bypass the precomputation of the cost matrix. This means that bigger input graphs can be considered if this algorithm is used, as compared to other TSP algorithms.
Although this algorithm was meant for the TSP, that is for an input being a complete graph with values on all edges, one can prove that the 2-approximation guarantee still holds when the algorithm is applied to a connected graph. In this case, the tour cost has to be understood as the sum of the cost of the edges, where edge costs for inexistent edges are length of shortest paths in the input graphs-hence our choice to model the cost of inexistent edges in this way.
RTL Edition.
The final step is the edition of the RTL code of the design. In this step, we insert in the original RTL code/description the additional RTL constructions required to implement the scan testing logic.
Implementation and Experimental Results
5.1. Implementation. The method we propose to optimize the stitching ordering of RTL scan chains has been implemented in an experimental version of HiDFT-SIGNOFF. This tool relies on a commercial software library for the parsing and elaboration of the design. This elaboration step is what we called "lightweight synthesis" in Section 4.1.1. The generic library of gates used for the elaboration is the one that comes with the software library.
HiDFT-SIGNOFF has the ability to stitch FFs into several scan chains. This possibility is important from the practical point of view: making several scan chains is the easiest way to reduce test application time. HiDFT-SIGNOFF implements the two strategies presented in Section 4 for handling several chains. One is to stitch a unique scan chain, and then split it into even parts. The other is to first partition the design, and then to stitch a scan chain in each part.
For graph partitioning, the METIS library [24] is used. METIS is one of the most widely used libraries for graph partitioning. It includes two strategies P MET and K MET . P MET uses a multilevel recursive algorithm. The second one, K MET , is implemented with an algorithm of K-partition such that the number of vertices per partition is equal. We use here the second one to partition the graph G p into K parts.
Experimental Setup.
In order to validate our method, we did experiments on a number of designs, both in VHDL and Verilog. We used the benchmarks 99 ITC [25] which are reference designs for testing integrated circuits. Indeed, these designs have been used extensively in the literature for integrated circuits testing. For each design, a complete description of the circuit with its value is presented on the website. We also used 3 opencore designs [26]: Simple spi which is a SPI core, Biquad which is a DSP core, and Ac-97, a controller core. All 3 are written in Verilog. These data sets were also used many times in articles on Design and Test. Table 1 describes these benchmarks. The first line gives the name of the circuit (b09,. . ., b19) for ITC 99 and three OpenCore (single-spi, biquad, Ac-97). The following lines give the number of memory elements number of FF and the RTL description language (VHDL or Verilog) for each design.
Since our optimization criterion is wirelength, and since we consider congestion during routing an important issue, experimentations were conducted till the place and route step. Two flows were considered, according to Figure 1 . In both cases, synthesis, placement and routing were done by Magma's Talus integrated flow. In the case of the gate-level scan insertion flow, the scan chain was also inserted by Talus. No effort options were set for gate-level scan insertion, since Talus does not offer any. Besides those flows, the designs scanned at the RT level were also fed into Tetramax, in order to check fault coverage rates. Table 2 presents results of the first phase (extraction graphs G D = (V D , E D ) and G p = (V p , E p )). The columns 1 and 2 give the name of circuits tested (Design) and the size in number of memory elements (no. of FF).
Numerical Results.
The following columns give the size of the design graph G D respectively the number of vertices |V D | (column 3) and the number of edges |E D | (column 4). Columns 5 and 6 present the parameters of the proximity graph G P with the number of vertices |V P | and the number of edges |E P |. We observe that the number of vertices |V P | is equal to the number of memory elements of the design (column 2). The last column gives the CPU time for the extraction of the graph G P from the graph G D (Times). The computation of the graph G P from G D (cf. Section 4.1.3) involves the threshold parameter t. The practical value of t has been determined empirically. It has to be big enough in order not to put arbitrary limitations on the choices of the algorithm; and it has to be small enough for the design-graph not to fill the whole memory of the computer.
For all designs that we tested, the value t = 4 was a suitable choice according to those two criteria. This value was used in all our experiments.
The figures for both wirelength after place and route, and computation times, have been gathered in Table 2 . The column number of SC gives the number of scan chains for each design. In the wirelength column, GLS denotes the flow with gate-level scan; RTL-scan gives the values for the RTLscan flow. The slack column gives the ratio (in percent) by which RTL-scan wirelength exceeds that for gate-level scan.
Computation times are given only for the two steps of the stitching optimization method, discarding the time for parsing and elaboration. The column G P gives the time for constructing the proximity-graph; TSP is the time for the 2approximation algorithm for the TSP.
We base our analysis of the comparison of wirelength between gate-level and RTL scan on the slack column of Table 3 , since the absolute values cannot be directly interpreted. The slack varies between −23% (meaning RTLscan wirelength is shorter) and 6%. A closer analysis shows that gate-level scan is better mainly for small designs; our method is always better for the bigger designs, with only negative values of slack for all designs with more than 300 FFs. Table 4 gives the fault coverage obtained by Tetramax for the designs scanned at the RT-level. Let us note that all values are above 98%, and only two lay below 99.8%. We conclude that RTL scan insertion cannot degrade fault coverage too severely as compared to traditional scan.
Computation times are mainly dominated by the setup of the graph G P ; at worst, the whole optimization process takes a little more than 5 minutes, in the case of the b19 design which has 6000 FFs.
Conclusion and Perspectives
After giving some motivations for inserting scan at the RTlevel, we have exposed what we believe is an important challenge for RTL-scan, which is finding a good stitching in one single pass, working only at the RT-level. Therefore, the purpose of the present work is to solve the following problem: given an RT-level description of the design (Verilog or Vhdl) we have to find a stitching ordering of the memory elements in the scan chain, which minimizes the impact of test circuitry on chip performance (area, power) and testing time. Then, we have motivated our choice of selecting wire length as the prime parameter to optimize.
To solve this problem, we proposed a new scan stitching algorithm for optimal scan chain insertion at RTL. The techniques used are derived from the combinatorial optimization and operations research domains. Indeed, our algorithm is divided into two main steps. The first step proposes a mathematical model describing the electronic problem. The second one offers a resolution methodology.
The model we propose is based on graph theory. To build it, we extract from the RTL description information on the proximity of the memory elements (existing paths between flip-flops, clock domains, and various other relations extracted from hierarchical analysis) and translate them in two graphs G D and G P using the Limited-BFS algorithm. Then, we have shown that the scan stitching decision problem is equivalent to the Traveling Salesman Problem and therefore NP-Complete. However, the 2-approximation for the TSP can be used to find near optimal solutions in polynomial time. From this, we developed our stitching algorithm.
Finally, we integrated our tool in an industrial design flow and performed experiments over several academic and industrial design benchmarks. Numerical evidence showed that we are able to limit such a cost due to scan insertion in a reasonable computing time, without impacting DFT quality, especially fault coverage. The method seems better than the traditional one for middle-sized designs. The industrial interest for our algorithms and tools is confirmed by our industrial partners. Our RT-level scan optimization algorithm has been incorporated into the tool HiDFT-SIGNOFF by DeFacTo Technologies. In case new flip-flops Table 2 : Characteristics of the graphs G D and G p . are added or removed to existing scan chains, it is important to goldenize the RTL code and reflect such changes directly into the RTL code. The DeFacTo tool HiDFT-SIGNOFF allows that by introducing the new scan architecture and by including the flip-flops new ordering. In this way, our work represents a progress in the state of the art, as previous works are not automated and/or were evaluated only for small designs. Last but not least, an important contribution of our work is to make a neat separation between the DFT problem and the mathematical model. This separation allows the same software to work for several successive technology nodes.
Our initial results give rise to a number of new directions for further research. These are summarized below. First, one could investigate whether cumulating local and global optimization in the manner of [8] would improve our results. Another aspect that could be added to our model is the question of power during testing: can we take it into account without degrading ou results? Finally, design analysis at a higher-level gives an opportunity to reduce both area overhead and test time application by adopting partial scan instead of full scan [16] [17] [18] . Deciding whether the combination of design analysis with our method could reduce even more the cost of scan would be worthwhile.
